De Troyer A, Cappello M, Leduc D, Gevenois PA. Role of the mediastinum in the mechanics of the canine diaphragm. J Appl Physiol 109: 27-34, 2010. First published May 6, 2010 doi:10.1152/japplphysiol.00166.2010.-The objective of this study was to evaluate the role of the mediastinum in the mechanics of the canine diaphragm. Two sets of experiments were performed. In the first experiment on five animals, the mediastinum was severed from the sternum to the vena cava, and radiopaque markers were attached to muscle bundles in the midcostal region of the diaphragm. The three-dimensional location of the markers during relaxation at different lung volumes and during phrenic nerve stimulation at the same lung volumes was then measured using computed tomography. From these data, accurate measurements of muscle displacement and muscle length were obtained, and these measurements, together with the changes in airway opening pressure, were compared with those previously obtained in animals with an intact mediastinum. Severing the mediastinum per se appeared to have no influence on the pressuregenerating capacity of the diaphragm or on the lung-volume dependence of this capacity. The great vessels and the esophagus in these animals, however, were left intact, so the possibility remained that these structures continued to impact on the diaphragm through their close attachments to the muscle. In the second experiment, therefore, loads were applied caudally to the central tendon to assess the force-displacement relationship of the entire mediastinum, and this relationship, combined with the known displacement of the diaphragm dome during phrenic nerve stimulation, was used to infer the force exerted by the mediastinum on the muscle during contraction. The results showed that this force is small compared with that developed by the diaphragm, except at very high lung volumes. It is concluded, therefore, that the mediastinum has only little influence on the mechanics of the canine diaphragm. respiratory muscles; chest wall mechanics; diaphragm; lung inflation; force-displacement relationship of the mediastinum THE DIAPHRAGM FUNCTIONS ESSENTIALLY like a piston. As the muscle fibers of the diaphragm are activated, they develop tension and shorten. As a result, the dome of the diaphragm descends relative to its costal insertions, pleural pressure (Ppl) falls, and abdominal pressure (Pab) rises. At equilibrium, the force generated by the muscle is conventionally considered to balance the difference between Pab and Ppl, i.e., transdiaphragmatic pressure (Pdi) (4, 8). As a corollary, the position of the diaphragm during contraction would be set by the balance between muscle force and Pdi.
THE DIAPHRAGM FUNCTIONS ESSENTIALLY like a piston. As the muscle fibers of the diaphragm are activated, they develop tension and shorten. As a result, the dome of the diaphragm descends relative to its costal insertions, pleural pressure (Ppl) falls, and abdominal pressure (Pab) rises. At equilibrium, the force generated by the muscle is conventionally considered to balance the difference between Pab and Ppl, i.e., transdiaphragmatic pressure (Pdi) (4, 8) . As a corollary, the position of the diaphragm during contraction would be set by the balance between muscle force and Pdi.
In a recent study, however, the observation was made that isolated stimulation of the right or left phrenic nerve in the dog induces substantial differences in Ppl over the two lungs (2) . Thus, although stimulation caused a fall in Ppl over both lungs, the mean pressure fall over the lung apposed to the inactive hemidiaphragm was only 0.65 times the pressure fall over the lung apposed to the active hemidiaphragm. On the basis of this observation, the conclusion was drawn that the descent and lateral displacement of the central tendon during isolated hemidiaphragmatic contraction causes stretching and stiffening of the mediastinum (i.e., of all the various structures situated between the right and left pleural sacs) so that the pressure transmission from the ipsilateral to the contralateral pleural cavity is reduced, and the hypothesis was raised that the mediastinum, in turn, exerts a significant, cranially oriented force on the diaphragm when the muscle is strongly activated. If this force were large enough, it would reduce the descent of the dome of the diaphragm and thereby limit the lung-expanding action of the muscle. Also, it would be expected that this effect of the mediastinum would be more prominent at high lung volumes when the diaphragm during contraction is more caudal (3, 5) and the mediastinum is more stretched.
The objective of the present study was to assess the role played by the mediastinum in the mechanics of the diaphragm. Two sets of experiments were performed in dogs. In the first set of animals, the mediastinum was extensively severed, radiopaque markers were attached along muscle fibers in the midcostal region of the diaphragm, and the phrenic nerves were stimulated at different lung volumes after the animals were placed in a computed tomographic (CT) scanner. Consequently, accurate measurements of muscle displacement, muscle length, and curvature, as well as pressure were obtained, and the data were compared with those obtained previously in animals with an intact mediastinum (3) . In the second set of experiments, loads were applied to the central tendon in the caudal direction, and the displacement of the tendon was measured to establish the force-displacement relationship of the mediastinum. This relationship, combined with the known displacement of the tendon during diaphragm contraction at different lung volumes, allowed the force exerted by the mediastinum on the diaphragm to be inferred.
METHODS
The studies were carried out on 10 adult bred-for-research golden retrievers (18 -22 kg) anesthetized with pentobarbital sodium (initial dose, 30 mg/kg iv), as approved by the Animal Ethics and Welfare Committee of the Brussels School of Medicine. The animals were placed in the supine position, intubated with a cuffed endotracheal tube, and connected to a mechanical ventilator (Harvard Pump, Chicago, IL). A venous cannula was inserted in the forelimb to give maintenance doses of anesthetic, and the C5 and C6 phrenic nerve roots were isolated bilaterally in the neck, after which the abdomen was opened by a midline incision from the xiphisternum to the umbilicus. Two experimental protocols were then followed. Experiment 1. Five animals were studied first to assess the effect of mediastinal section on the pressure-generating capacity of the diaphragm and the lung-volume dependence of this capacity. Thus rows of five polyethylene spheres were stitched superficially to a muscle bundle in the midcostal region of both the left and the right hemidi-aphragm, using the same method that has been previously described in detail (3, 7) . A balloon-catheter system filled with 1.0 ml of air was also placed between the liver and the stomach to measure Pab. After the abdomen was closely sutured in two layers, the sternum was opened by a midline incision from the third to the seventh costal cartilage, and the ventral mediastinal pleura connecting the dorsal aspect of the sternum to the pericardium was excised. The pericardium was also severed on both sides to ϳ1 cm ventral to the phrenic nerves. A large bore catheter (6.0-mm outer diameter) with multiples holes on the side was then introduced into the pleural cavity through the sixth intercostal space, and the sternum was sutured. To ensure closure of the sternum with an airtight seal, the sternal incision was then covered by suturing closely the pectoralis major to the parasternal intercostals on both sides of the sternum. The skin and subcutaneous tissue was also tightly sutured, and the residual pneumothorax was evacuated by using the pleural catheter.
The animal was given a 30-min recovery period, after which it was transferred to a V-shaped board and placed in a four-channel multidetector CT scanner (Somatom Volume Zoom 4, Siemens Medical Solutions, Forchheim, Germany). The C5 and C6 phrenic nerve roots were laid over insulated stainless steel stimulating electrodes, and a differential pressure transducer (Validyne, Northridge, CA) was connected to a side port of the endotracheal tube to measure airway opening pressure (Pao). The animal was then made apneic by mechanical hyperventilation, and a first helical data acquisition starting ϳ2 cm caudal to the lower rib cage margin and extending to ϳ2 cm cranial to the xiphoid process was performed during relaxation at functional residual capacity (FRC). The scanning parameters were similar to those used in previous studies (3, 7) : 120 kV, 120 effective mA, 0.5 s/revolution scanning time, 1-mm collimation, and 6.9 mm feed/rotation. The animal was reconnected to the ventilator, and CT data acquisitions were obtained after the respiratory system was passively inflated to transrespiratory pressures of ϳ7.5, 15, 22, and 30 cmH 2O. After this procedure was completed, the phrenic nerve roots were bilaterally stimulated (0.1-ms duration, 20-Hz frequency, supramaximal voltage) at the different lung volumes using a Grass stimulator (model S44, Quincy, MA), and a new set of CT data acquisitions was obtained. All stimulations were performed while the animal was apneic and the endotracheal tube was occluded. A final CT acquisition was obtained during relaxation at FRC to check for the presence or absence of pneumothorax. Some air was present between the heart and the sternum in each animal, yet even though the pleural space had been submitted to large pressure falls during phrenic stimulation, the amount of air in the pleural cavity was very small. Experiment 2. Five animals were then studied to determine the force-displacement relationship of the mediastinum, to evaluate the force exerted by the mediastinum on the diaphragm during phrenic nerve stimulation, and to compare this force with that developed by the diaphragm. The study was made in two stages. First, a ballooncatheter system filled with 1.0 ml of air was placed, as in experiment 1, between the liver and the stomach to measure Pab, and a differential pressure transducer was connected to a side port of the endotracheal tube to measure ⌬Pao. After the abdomen was sutured, the C5 and C6 phrenic nerve roots were stimulated in duplicate, first at FRC, then after passive lung inflation to 7.5, 15, 22, and 30 cmH2O transrespiratory pressure. In addition, in each animal, the transverse diameter of the lower rib cage during relaxation at the same lung volumes was measured with a caliper as the linear distance between two suture threads that were stitched to the skin on the left and right sides in the midaxillary line, midway between the xiphisternum and the rib cage margin.
After completion of this procedure, the abdominal suture in the midline was reopened, and a transverse incision through the abdominal muscles was performed on either side of the umbilicus so as to create a large enough window to allow a plate to be stitched to the central tendon. The plate was a custom-made wooden disc (weight, 10 g) with an elliptical shape (6 ϫ 7 cm) that was adjusted to match the shape of the tendon. The plate was perforated with eight holes spaced evenly along its periphery, and it was closely attached with wire sutures to the entire periphery of the tendon, including in the immediate vicinity of the vena cava. After the suture was completed, a long inextensible thread was attached to a small hook screwed in the center of the plate and led obliquely, in a caudal-ventral direction (i.e., in a direction parallel to the orientation of the diaphragmatic muscle fibers), over a pulley positioned at the foot of the table, and it was connected to a small basket in which weights could be placed later. An additional thread attached to the hook was connected to a linear displacement transducer (Schaevitz Eng., Pennsauken, NJ) to measure the cranio-caudal (axial) displacement of the central tendon. A bilateral pneumothorax was then performed to eliminate the confounding influence of the changes in Ppl on the force-displacement relationship.
After calibration of the displacement transducer, the ventilation was stopped and the diaphragm was allowed to relax to equilibrium. The endotracheal tube was occluded, and 100-g lead balls were placed in the basket attached to the central tendon such that the load was increased by 0.1-kg increments from 0.1 to 1.5 kg. Two runs of loading were performed in each animal, after which the transverse and dorsoventral diameters of the internal aspect of the lower rib cage midway between the cranial edge of the zone of apposition and the rib cage margin were measured.
The animals in both experiments were maintained at a constant, rather deep level of anesthesia throughout the study. Thus at no time in the experiment did they have a corneal reflex or movements of the fore-or hindlimbs. Rectal temperature was maintained constant between 36 and 38°C with infrared lamps. At the conclusion of the experiment, the animal was given an overdose of anesthetic (30 -40 mg/kg iv).
Data analysis. Analysis of the CT data (experiment 1) was made as previously described (3, 7) . Thus, for each lung volume in each animal, 1.25-mm-thick transverse CT sections during relaxation and during phrenic stimulation were reconstructed at 1.0-mm intervals by using a 360°linear-interpolation algorithm and a standard kernel (AB 40f, Siemens Medical Solutions). Sagittal and coronal images were also reconstructed, and these multiplanar reformations were used in a workstation (Leonardo, Siemens Medical Solutions) to define the three-dimensional coordinates of each diaphragm marker and to measure the length of each hemidiaphragm. By convention, the coordinates of the different markers along the craniocaudal axis were expressed in millimeters relative to the relaxed FRC position of the markers situated near the central tendon; a negative sign indicates a caudal displacement of the markers relative to that position. The length of the muscle was also expressed in millimeters. To allow comparison between the different animals, however, muscle lengths during relaxation and during phrenic nerve stimulation at the different lung volumes were then expressed as percentages of muscle length during relaxation at FRC (LFRC).
The CT images were also used to measure the curvature of the diaphragm during phrenic nerve stimulation. This was done in two steps. First, for each hemidiaphragm at each lung volume, a 5-mmthick plane was fit to the five markers in the row. Because of the striking contrast between air in the lung and the abdominal contents, the contour of the lung-apposed portion of the hemidiaphragm was clearly apparent, and this contour was traced from the rib cage to the diaphragm marker situated near the central tendon. Then two chords of equal length were constructed in the contour, and normals to the chords were constructed at midchord points. The radius of diaphragm curvature was measured from the intersection of the normals.
For each animal of experiment 2, the changes in Pao and Pab obtained during phrenic nerve stimulation were averaged over the two trials, and these values were used to derive transdiaphragmatic pressure (Pdi ϭ Pab Ϫ Ppl). The surface area (A) of the dome of the diaphragm was considered to be an ellipse, and its value at FRC was obtained using the measured values for the internal transverse and dorsoventral diameters of the lower rib cage. This calculated value (expressed as cm 2 ) was then multiplied by Pdi (expressed as cmH2O and converted to g/cm 2 ) to compute the force (F, expressed as g) developed by the diaphragm to balance the pressure difference across it. The force developed by the diaphragm to balance pressure at lung volumes above FRC was computed similarly. To estimate A at these lung volumes, however, the difference between the external and the internal transverse diameter of the lower rib cage at FRC (i.e., twice the depth of the diaphragm under the skin surface) was subtracted from the measured values of external transverse diameter, and the internal dorsoventral diameter was assumed to increase in the same proportion as the transverse diameter. For each animal, the axial displacement of the central tendon and the ⌬Pab measured during loading of the tendon were also averaged over the two runs.
Statistical analysis. The animals with mediastinal section (experiment 1) showed no consistent differences in the position of the markers situated near the central tendon or in the length and curvature between the right and left hemidiaphragms. For each condition, therefore, the values for the two hemidiaphragms were averaged for each individual animal, and they were then averaged across the animal group. The values of ⌬Pao and ⌬Pab recorded during phrenic nerve stimulation at the different lung volumes were also averaged across the animal group, and they are presented as means Ϯ SE. Statistical assessments of the effect of increasing lung volume on pressure, marker position, muscle length, and radius of diaphragm curvature were made by ANOVA with repeated measures, and multiple comparison testing of the mean values was performed, when appropriate, using Student-Newman-Keuls tests.
Statistical comparison between this animal group and that previously studied with an intact mediatinum (control group; Ref. 3) was complicated by the fact that, except for FRC, the transrespiratory pressures before phrenic stimulation (i.e., the precontractile transrespiratory pressures) in the two groups were not strictly identical. Specifically, the average pressures for the five animals with mediastinal section were 6.8 Ϯ 0.2, 13.8 Ϯ 0.4, 20.5 Ϯ 0.2, and 29.0 Ϯ 0.4 cmH 2O, whereas for the six animals in the control group, the average values were 7.2 Ϯ 0.4, 13.9 Ϯ 0.2, 21.7 Ϯ 0.4, and 30.5 Ϯ 0.7 cmH 2O. For each animal, therefore, the changes in pressure, muscle length, muscle displacement, and radius of muscle curvature induced by phrenic stimulation at the different lung volumes were plotted against the value of transrespiratory pressure before stimulation, and the relationships were fitted by quadratic regression equations. The values at fixed transrespiratory pressures at 7-cmH 2O increments were then determined from these equations by interpolation, and statistical comparisons between the two animal groups at each increment were made using independent sample t-tests. The criterion for statistical significance was taken as P Ͻ 0.05.
The values obtained for central tendon displacement and ⌬Pab with the different loads (experiment 2), the values of ⌬Pao and ⌬Pab recorded during phrenic nerve stimulation, and the values obtained for A were also averaged over the animal group, and these data are also presented as means Ϯ SE. Fig. 1 show the pressure changes measured during phrenic stimulation at different lung volumes in the five animals with mediastinal section, and the open circles show the pressure changes previously measured in animals with an intact mediastinum (3) . As in animals with an intact mediastinum (control 1), ⌬Pao in animals with mediastinal section decreased markedly and progressively as lung volume increased (P Ͻ 0.001). However, whereas in control animals, ⌬Pao at FRC was Ϫ34.8 Ϯ 2.8 cmH 2 O, it was Ϫ46.9 Ϯ 1.8 cmH 2 O in animals with mediastinal section (P Ͻ 0. 01). Compared with the control animals, therefore, the relationship between ⌬Pao and transrespiratory pressure in the animals with mediastinal section was shifted upward. When the ⌬Pao values obtained at the different transrespiratory pressures were expressed as percentages of the value obtained at FRC, however, the two groups had a similar relationship (Fig. 2) . The rise in Pab during stimulation also decreased progressively with increasing lung volume in both animal groups (P Ͻ 0.001), but it tended to be smaller, although not significantly, in the animals with mediastinal section.
RESULTS

Pressure. The closed circles in
Position and length of the diaphragm. The axial position of the markers situated near the central tendon during relaxation at the different lung volumes is shown for the two animal groups in Fig. 3A , and the corresponding values for the length of the muscle fibers are shown in Fig. 3B . Whether in the animals with mediastinal section or in the control animals, the markers situated near the central tendon were gradually displaced in the caudal direction as lung volume increased (P Ͻ 0.001), and the muscle fibers progressively shortened (P Ͻ 0.001). Also, for a given increase in transrespiratory pressure, the caudal displacement of the central tendon and the decrease in muscle length observed in the animals with mediastinal section were similar in magnitude to those observed in the control animals. As a result, relaxed muscle length for the five animals with mediastinal section at 28.1 cmH 2 O was 67.6 Ϯ 0.7% of L FRC , and muscle length for the six control animals at 30 cmH 2 O transrespiratory pressure was 64.0 Ϯ 2.6% of L FRC .
Phrenic nerve stimulation at all lung volumes caused a caudal displacement of the central tendon and a muscle short- ening in both animal groups. Also, as lung volume increased, the central tendon in both groups moved gradually in the caudal direction (Fig. 3A) and muscle length progressively decreased (Fig. 3B ) (P Ͻ 0.001 for both changes in both groups). The changes in the position of the central tendon and in muscle length during stimulation, however, were smaller than those seen during relaxation. For both animal groups, therefore, the magnitudes of the central tendon displacement and muscle shortening during stimulation gradually decreased as lung volume increased (P Ͻ 0.001). However, the displacement of the central tendon during stimulation at FRC was 35.3 Ϯ 2.6 mm for the five animals with mediastinal section, whereas for the control animals, it was 42.2 Ϯ 1.1 mm (P Ͻ 0.05). The amount of muscle shortening during stimulation at FRC also tended to be smaller for the animals with mediastinal section than for the control animals (P ϭ 0.11), such that active muscle length was 64.3 Ϯ 1.4% of L FRC for the former group but 60.2 Ϯ 1.8% of L FRC for the latter (Fig. 3B) .
Relationship between ⌬Pao and central tendon displacement. The values of ⌬Pao obtained for the two animal groups during phrenic stimulation at the different lung volumes are plotted against the corresponding values of central tendon displacement in Fig. 4 . For a given displacement of the dome, ⌬Pao in both groups was greatest at FRC and decreased gradually with increasing lung volume. As a result, the relationship between ⌬Pao and dome displacement was curvilinear for each group. However, because the animals with mediastinal section had larger ⌬Pao and smaller dome displacement at lower lung volumes, the relationship in these animals was displaced upward compared with that obtained in the control animals.
Diaphragm curvature. The values obtained for the radius of diaphragm curvature during phrenic stimulation at the different lung volumes are shown for the animals with mediastinal section and for the control animals in Fig. 5 . In agreement with the previous studies by Kim et al. (6) and Boriek et al. (1) and with our own measurements (7), the radius of curvature at FRC for the animals with mediastinal section was 35.5 Ϯ 2.2 mm. The radius remained unchanged when lung volume was increased to 7.0-cmH 2 O transrespiratory pressure, but it increased gradually as lung volume increased further (P Ͻ 0.001), such that at 28.8 cmH 2 O it amounted to 59.8 Ϯ 2.3 mm. The relationship between the radius of diaphragm curvature and lung volume for the control animals was identical to that observed in the animals with mediastinal section. Figs. 1 and 2 show the pressure changes recorded during phrenic stimulation in the animals of experiment 2. Whether the ⌬Pao values recorded in these animals were expressed as absolute values or as percentages of the value at FRC, they were nearly identical to those previously obtained in animals with an intact mediastinum (3). As a corollary, the absolute values for ⌬Pao obtained in the animals of experiment 2 were also smaller than those obtained in animals with mediastinal section (experiment 1).
Force-displacement relationship of the mediastinum. The open triangles in
The relationship obtained for the animal group between the load (force) applied to the central tendon and the tendon displacement is shown in Fig. 6 (closed circles). In each animal, the tendon displacement increased linearly with increasing force until force was 0.4 -0.7 kg. As force increased further, however, the displacement induced by a given force increment gradually decreased. As a result, whereas the slope of the initial part of the relationship was 70 mm/kg, the slope at 1.0 kg was only 11 mm/kg.
However, even though the abdomen in the animals was widely opened and the viscera covered only the dorsal portion of the diaphragm, loading the central tendon elicited a small rise in Pab. As for the tendon displacement, this pressure rise increased gradually as the load increased, so that for a load of 1.5 kg, ⌬Pab was 2.3 Ϯ 0.5 cmH 2 O. This pressure rise opposed the caudal displacement of the tendon in response to a given load or, in other words, counterbalanced in part the force applied to the mediastinum. To correct the force-displacement relationship of the mediastinum for the confounding influence of the force related to ⌬Pab, we considered that this pressure rise applied to the caudal half of the surface of the diaphragm, and for each load we multiplied ⌬Pab (expressed as cmH 2 O and converted to g/cm 2 ) by half the value of the surface area (A) of the muscle. For the five animals, A at FRC was 178 Ϯ 5 cm 2 , so when the load, as an example, was 1.5 kg, the force related to ⌬Pab was (2.3·89) or 0.2 kg. For each load applied to the central tendon, the force thus computed for ⌬Pab was then subtracted from the value of the load, and the open circles and dashed line in Fig. 6 display the corrected force-displacement relationship.
Computation of the force exerted by the mediastinum. The force exerted by the mediastinum (Fmed) on the diaphragm during phrenic stimulation was computed by using the corrected force-displacement relationship (shown in Fig. 6 ) and the displacements of the central tendon measured by computed tomography in the control animals of experiment 1 (data shown in Fig. 3A ). These displacements, however, had to be adjusted for the displacement produced by the initial pneumothoraces. In previous studies, we found in four similar dogs in the supine position that bilateral pneumothoraces caused the central tendon to move caudally by 8 mm from its relaxed FRC position and Pdi to decrease from 6.5 to 4.0 cmH 2 O (unpublished observations). In addition, the animals in experiment 2 also had the abdomen widely opened, which should further decrease the resting Pdi and further displace the central tendon caudally. We assumed that Pdi after pneumothorax and abdominal opening was 2 cmH 2 O and, hence, that the central tendon before loading was 15 mm caudal relative to its FRC position. To compute the force exerted by the mediastinum during phrenic stimulation in intact animals, therefore, we considered that the origin for the relationship shown in Fig. 6 was 15 mm more caudal than the origin in Fig. 3A , and we subtracted 15 mm from the values of diaphragm displacement displayed in Fig. 3A .
For the six control animals of experiment 1, the caudal displacement of the tendon during phrenic stimulation at FRC was 42.2 mm. Subtracting 15 mm from this value yields 27.2 mm, and the force-displacement relationship in Fig. 6 indicates that, for such a displacement, Fmed is ϳ0.31 kg. Because the central tendon during phrenic nerve stimulation gradually Fig. 4 . Relationship between ⌬Pao and the caudal displacement of the diaphragm dome during phrenic nerve stimulation at different lung volumes in five animals with mediastinal section ( and solid line) and six control animals (OE and dashed line). All values are means Ϯ SE. The relationship in the animals with mediastinal section is displaced upward, such that for a given caudal displacement of the dome ⌬Pao is larger. adopted a more caudal position as lung volume increased, the computed value for the force exerted by the mediastinum gradually increased, as shown in Fig. 7 (closed circles) . During phrenic stimulation at 30 cmH 2 O transrespiratory pressure for example, as the central tendon moved 51 (Ϫ12) mm caudally relative to its relaxed FRC position, the computed Fmed was 0.44 kg.
Computation of the force developed by the diaphragm. At equilibrium, the force developed by the diaphragm (Fdia) during phrenic stimulation at a given lung volume must balance both Pdi and the Fmed. Fdia, therefore, was calculated as the sum of two terms, the first one being the product of Pdi and A, and the second one being the computed value for Fmed.
For the five animals of experiment 2, the change in Pdi during stimulation at FRC was 45.9 Ϯ 4.2 cmH 2 O (open triangles in Fig. 1 ) and Pdi before stimulation at FRC was 6.1 Ϯ 0.8 cmH 2 O, so Pdi during stimulation was 52.0 Ϯ 3.6 cmH 2 O. Because A was 178 Ϯ 5 cm 2 , the force developed by the diaphragm to balance pressure was, therefore, 9.21 Ϯ 0.72 kg, and adding Fmed (0. 31 kg) to this value yields a total Fdia of 9.52 kg. As lung volume increased, A slightly increased in each animal, so that at 30-cmH 2 O transrespiratory pressure, it was 195 Ϯ 6 cm 2 . Concomitantly, however, Pdi decreased to 3.5 Ϯ 1.3 cmH 2 O. The force developed by the diaphragm to balance pressure, therefore, decreased markedly with increasing lung volume, as shown by the open triangles in Fig. 7 . As a result, even though Fmed increased from 0. 31 kg at FRC to 0.44 kg at total lung capacity (TLC), the total Fdia (open circles) decreased from 9.52 kg at FRC to 1.12 kg at TLC.
DISCUSSION
As the muscle fibers of the diaphragm contract and shorten, the dome descends, Ppl falls, and Pab rises. If the mediastinum exerted a large enough force on the diaphragm during contraction, it would reduce the descent of the dome. Therefore, it would be expected that eliminating this force would cause an increase in the amount of diaphragm shortening and an increase in the descent of the dome in response to a given activation at FRC so that ⌬Ppl would be greater. The larger muscle shortening would also lead to an increase in the radius of muscle curvature (1). In addition, because the diaphragm is more caudal during contraction at high lung volumes than during contraction at FRC (3, 5) , the mediastinum should be more stretched and exert a greater force on the diaphragm. Therefore, it would also be expected that the increase in ⌬Ppl obtained after elimination of the mediastinal force would be proportionately greater as lung volume increases, so that the adverse effect of increasing lung volume on ⌬Ppl would be reduced. To test these hypotheses and evaluate the role of the mediastinum in determining the lung-expanding action of the diaphragm, we initially severed the mediastinum from the sternum to the vena cava.
Effect of mediastinal section. In agreement with the idea that the mediastinum exerts a significant force on the diaphragm during contraction, phrenic nerve stimulation at FRC induced a larger ⌬Pao in the animals with mediastinal section than in the control animals ( Fig. 1) . However, the animals with mediastinal section also had a smaller, rather than greater, caudal displacement of the dome of the diaphragm (Fig. 3A) ; the amount of muscle shortening at FRC (Fig. 3B) and ⌬Pab ( Fig.  1 ) in these animals also tended to be smaller. As a result, the relationship between ⌬Pao and the displacement of the dome obtained for the different lung volumes was shifted to the left compared with that obtained in the control animals, such that for any given dome displacement, ⌬Pao was greater (Fig. 4) . Also, when the ⌬Pao values obtained at the different lung volumes were expressed as percentages of the value at FRC, the animals with mediastinal section and the control animals showed a similar decrease in pressure with increasing lung volume (Fig. 2) . Finally, the two animal groups had a similar radius of diaphragm curvature during stimulation at FRC and showed an identical relationship between the radius of curvature and lung volume (Fig. 5) . These findings indicate that the larger ⌬Pao values recorded after mediastinal section were primarily related to a greater rib cage elastance rather than the section of the mediastinum per se.
The reason why the animals with mediastinal section had a stiffer rib cage is not entirely clear. For technical reasons, it was not possible to study the same animals before and after mediastinal section. Therefore, the difference in rib cage elastance might be simply related to the fact that the two animal groups were different. It should be pointed out, however, that all animals were of the same breed and had similar sizes. Also, the ⌬Pao values recorded at FRC in the control animals were similar to those obtained in the animals of experiment 2 ( Fig.  1 ) and close to those obtained in a previous study on similar animals (7); the changes in muscle length and the displacements of the dome measured at FRC in the two studies were also identical. On the other hand, the ⌬Pao values recorded in the animals with mediastinal section were larger, whereas the changes in muscle length and displacements of the dome were smaller. Consequently, the possibility that the two animal groups in experiment 1 had a difference in rib cage elastance in the control state appears dubious, and the speculation should be offered that the difference was primarily the result of the Fig. 7 . Calculated values for the force exerted by the mediastinum on the diaphragm during phrenic nerve stimulation at different lung volumes () and for the force developed by the diaphragm during the same stimulations (OE). The values for the force developed by the diaphragm were obtained by adding the component of force needed to balance the pressure developed by the muscle (Pdi) ( ) and the component of force needed to balance the force exerted by the mediastinum. The force exerted by the mediastinum at FRC is small compared with that developed by the diaphragm. As lung volume increases, however, the force exerted by the mediastinum slightly increases, whereas the force developed by the diaphragm decreases markedly. surgical procedure. Specifically, after the mediastinum was severed, a tight running suture was made through the pectoralis major and parasternal intercostal muscles on both sides of the chest so as to ensure an airtight seal over the sternum and prevent the subsequent development of pneumothorax. It is reasonable to assume that this suture reduced the caudal and inward displacement of the ribs during diaphragm contraction, making the rib cage effectively stiffer.
Although the animals had a large section of the mediastinum, the great vessels and the esophagus were left intact. Therefore, the possibility remained that, after mediastinal section, these structures continued to impact on the diaphragm through their close attachments to the muscle. Our previous CT measurements in animals with an intact mediastinum (3) disclosed the magnitude of the caudal displacement of the central tendon during phrenic stimulation and, thus, the amount of lengthening of the mediastinum. We reasoned, therefore, that the force exerted by the intact mediastinum on the diaphragm could be assessed by measuring the force-displacement relationship of the mediastinum.
Force-displacement relationship of the mediastinum. To obtain this relationship, forces were applied to a plate that was tightly sutured to the periphery of the central tendon. Forces, therefore, were uniformly distributed to the tendon, including its most dorsal portion. Forces were also applied obliquely in the caudo-ventral direction so as to simulate the force exerted on the mediastinum by the diaphragm during contraction. The confounding influence of the force exerted by the abdominal viscera on the diaphragm could not be experimentally eliminated. In preliminary experiments on two animals, an evisceration was performed, but the procedure resulted in a substantial alteration in diaphragm shape. To overcome this difficulty, we therefore elected to maintain the viscera in the abdominal cavity and to estimate the force applied by the viscera on the diaphragm by measuring ⌬Pab; the measured force-displacement relationship was then corrected for that force.
The force-displacement relationship thus obtained was curvilinear, such that a given force increment led to a smaller displacement as total force increased (Fig. 6 ). This finding supports the idea that the canine mediastinum as a whole behaves as an elastic structure. The relationship, however, was linear for displacements up to ϳ40 mm, i.e., it was linear over the range of diaphragm displacements observed during phrenic stimulation at FRC. In addition, although the values of diaphragm displacement (relative to the relaxed FRC position) obtained during phrenic stimulation at lung volumes above FRC were Ͼ40 mm (data shown in Fig. 3A) , these values had to be adjusted for the initial displacement caused by the pneumothoraces and abdominal opening. Based on the observed decrease in passive Pdi after pneumothorax, we calculated that this initial displacement was 15 mm, and we subtracted this value from the values of diaphragm displacement measured during phrenic stimulation. This subtraction contains the implicit assumption that the force exerted by the mediastinum remains zero when the diaphragm moves 15 mm caudally from its FRC position, and we have no experimental evidence to support this assumption. Therefore, the calculated values for mediastinal force during phrenic nerve stimulation can only be taken as estimates. In view of the slope of the force-displacement relationship shown in Fig. 6 , however, the potential error due to this assumption should amount to only ϳ0.1 kg and should not fundamentally alter the conclusion of the study.
Force exerted by the mediastinum on the diaphragm. The force computed for the mediastinum during phrenic stimulation at FRC was small (0.31 kg) and corresponded to only ϳ3% of the force developed by the diaphragm. This force slightly increased as lung volume increased, and the mediastinal structures were further stretched. On the other hand, the force developed by the diaphragm decreased markedly with increasing lung volume as the length of the muscle fibers during phrenic stimulation decreased (Fig. 3B) . At TLC, therefore, the computed value for diaphragm force was only 12% of the FRC value, and the force exerted by the mediastinum corresponded to 39% of that force.
A more critical issue, however, is the pressure correlate of this mediastinal force. This pressure can be estimated by dividing mediastinal force by the cross-sectional area of the diaphragm. At FRC, the force exerted by the mediastinum was 310 g and the cross-sectional area of the diaphragm was 175 cm 2 , so the pressure corresponding to that force would be 310/175 or 1.8 cmH 2 O. The pressure correlate of the mediastinal force at TLC would be only slightly greater and amount to 440/195 or 2.3 cmH 2 O. In other words, although the force exerted by the mediastinum during phrenic nerve stimulation at TLC represents a substantial fraction of the force developed by the diaphragm, it would correspond to a Pdi of only ϳ2 cmH 2 O. On this basis, the observation made in experiment 1 that sectioning the mediastinum had no apparent effect on the pressure-generating capacity of the diaphragm can be understood.
In conclusion, the first experiment of the present study showed that, in the dog, the ventral two-thirds of the mediastinum, including the pericardium, play little or no role in determining the pressure-generating capacity of the diaphragm or the lung-volume dependence of this capacity. The second experiment showed that the canine mediastinum as a whole behaves like an elastic structure and consistently operates on the most compliant part of its force-displacement relationship, including during isolated phrenic nerve stimulation. As a result, the force it exerts on the diaphragm over a large fraction of the inspiratory capacity is small compared with the force developed by the diaphragm, and the pressure correlate of this force is equally small. Thus, although these two experiments were based on totally different techniques, they lead to the same conclusion that, in the dog, the mediastinum has only a limited influence on the mechanics of the diaphragm.
